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Abstract
The construction of river crossings to facilitate road schemes can potentially impact upon adjacent 
aquatic ecosystems.  Such construction activity can pose a risk both to the physico-chemical and 
ecological quality of the aquatic environment.  The EU Water Framework Directive requires member 
states to ensure that there is no further ‘degradation in water quality’ and to maintain ‘good ecological 
and chemical status’ of surface waters by 2015.  In this context, it is important to understand the 
potential impacts of river-crossing construction and the methods for mitigating such impacts.  This 
paper presents a critical review of current knowledge on such impacts, which is presented under three 
headings: water quality, river hydraulics and aquatic ecology.  The review has identified knowledge 
gaps in all three areas, with the issue of the impact of suspended solids on aquatic ecosystems being 
a priority.  The review concludes that some water quality standards may not provide sufficient 
regulatory control of discharges to the aquatic environment from river-crossing construction activities. 
Keywords: River crossings; motorway; construction; suspended solids; aquatic ecology; water quality; 
hydraulics.
Introduction
Freshwater systems and associated ecological processes 
are intimately linked to their drainage basins (Richardson 
et al., 2009) and, consequently, are under pressure from 
a wide range of land-use activities.  In particular, the 
construction of river crossings to facilitate motorways 
poses the risk of severe and, in some cases, lasting damage 
to the physical, chemical and ecological quality of the 
aquatic environment.  With the introduction of the EU 
Water Framework Directive in 2000 it is imperative to 
understand and mitigate potential impacts relating to river 
crossing construction in order to prevent degradation in 
water quality.  Just like highways, rivers are linear systems 
(Jackson, 2003) with a continuum of in-stream linkages and 
processes from source to sea (Vannote et al., 1980), as well 
as lateral linkages to the surrounding landscape (Amoros 
& Bornette, 2002).  Fragmentation of these linkages owing 
to poor culvert or bridge construction can disrupt in-stream 
processes, both in the short and long-term (Wheeler et 
al., 2005).  For example, construction activities can have 
short-term adverse impacts on water quality downstream 
of the river crossing (Tsui & McCart, 1981; Hedrick et al., 
2010).  In contrast, adverse impacts that result from the 
142
DOI: 10.1608/FRJ-5.2.489
Cocchiglia, L., Purcell, P.J. & Kelly-Quinn, M.
© Freshwater Biological Association 2012
disruption of ecosystem processes may take years to fully 
manifest themselves (Jackson, 2003).  Structures that are 
poorly designed, poorly constructed or poorly maintained 
may create barriers to the movement of fish (Warren & 
Pardew, 1998) and other aquatic and riparian species 
(Sagar et al., 2004).  They may lead to spatial isolation of 
populations (Winston et al., 1991), and to genetic isolation 
(Wofford et al., 2005) and harm to the long-term viability of 
species (Morita & Yamamoto, 2002).
A considerable body of research has been undertaken, 
both at the field and at the laboratory scale, concerning 
the impact of road construction activities on the aquatic 
environment.  This review attempts to summarise the 
relevant literature.  It is presented under the following 
topics: (a) water quality, (b) river hydraulics and (c) 
aquatic ecology.  Although the focus of this review is 
on road crossings of watercourses, the findings may be 
applicable to other watercourse crossing activities, such as 
underwater pipelines or railway bridge crossings.  From a 
review of the literature, the main impact of river-crossing 
construction would appear to be the generation of 
an increase in the concentration of sediment, mainly 
suspended solids (SS) (Barton, 1977; Cline et al., 1982; 
Wheeler et al., 2005; Hedrick et al., 2010).  Other threats 
to water quality during the construction of river crossings 
are said to include the discharge of fuels, oils or heavy 
metals from construction plant or other sources, although 
Wheeler et al. (2005) concluded that there is little evidence 
that the input of these pollutants create a detectable impact.
Water quality
Standards for sediment in the aquatic 
environment
As sediment input is a concern during watercourse-
crossing construction, we have compiled information 
on existing standards.  Regulatory agencies generally 
endeavour to control sediment input into watercourses 
by placing a limit on suspended solids (SS) or turbidity, 
specified as either absolute values or permissible 
exceedences above natural background levels.  For 
example, the EC Freshwater Fish Directive (2004/44/EC: 
European Parliament & Council, 2006) stipulates a SS 
annual average guideline value of ≤ 25 mg L-1 for salmonid 
waters, while, for example, Australia, New Zealand and 
some US states specify turbidity standards (Table 1).  
 Most sediment guidelines that concern the protection 
of aquatic species target salmonid fish.  Other species 
that are highly sensitive to the input of SS, such as the 
freshwater pearl mussel (Margaritifera margaritifera L.), 
require virtually ‘pristine’ water quality.  The European 
Communities Environmental Objectives (Freshwater Pearl 
Mussel) Regulations (S.I. 296/2009) in Ireland state that 
there should be ‘no artificially elevated levels of silt, or 
plumes when the bed is disturbed’, a stringent guideline 
in terms of river-crossing construction.  Apart from the 
British Columbia Ambient Water Quality Guidelines 
(Singleton, 2001), most guidelines do not specify the 
period of exposure to various sediment concentrations, 
despite the fact that it is likely to be critical for some aquatic 
biota, a point which is stressed in a number of papers 
(Newcombe & MacDonald, 1991; Newcombe & Jenson, 
1996; Shaw & Richardson, 2001).  The British Columbia 
guidelines are very comprehensive, citing limits in terms 
of both turbidity and SS, as well as specifying streambed 
substrata composition (Singleton, 2001) (Table 2). 
As described above, sediment standards frequently 
use turbidity as a surrogate parameter for SS.  Turbidity 
is an index of water clarity or opacity, measured by the 
degree of light scattering by SS in a water sample, and 
is typically quantified in nephelometric turbidity units 
(NTU).  Suspended solids concentration is an absolute 
measure of particulate fraction concentration.  However, 
the requirement of laboratory determination restricts 
its usefulness from a practical perspective.  Turbidity, 
in contrast, can be measured in real time and online. 
Consequently, much research has been undertaken to 
correlate turbidity and SS concentrations (Gippel, 1989; 
Suk et al., 1998; Packman et al., 1999; Minella et al., 2008), 
as illustrated in Fig. 1.  Examination of Fig. 1 shows that 
the relationship between turbidity and SS concentration 
can vary widely.  The limitations associated with using 
turbidity as a surrogate for SS include the uncertainty and 
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Country/State Document Suspended solids Turbidity Note
European 
Union
Freshwater Fish
Directive (78/659/EEC) & 
(2004/44/EC)
≤ 25 mg L-1
Yearly average for salmonid 
waters
United States
National Recommended 
Water Quality Criteria
(US EPA 2007)
Suspended and 
settleable solids should 
not reduce the depth 
of the compensation 
point for photosynthetic 
activity by > 10 % from 
the seasonally established 
norm for aquatic life
Oregon  (USA)
Oregon Department of 
Water Quality Standards 
(Oregon DEQ 2005)
≤ 10 % Above background levels
Wyoming 
(USA)
Wyoming Department of 
Water Quality Standards 
(Wyoming DEQ 2011)
≤ 10 NTU
Above upstream condition 
that support fish
Washington 
(USA)
Washington Water Quality 
Standards (Washington 
State Department of 
Ecology 2007)
≤5 NTU or  ≤10 
%
Above background when 
background is ≤ 50 NTU  or 
when background is ≥ 50 
NTU in salmonid spawning, 
rearing and migratory rivers
Alaska (USA)
Alaska Water Quality 
Standards (Alaska DEC 
2011)
25 NTU
Above natural for growth and 
propagation of fish, shellfish, 
other aquatic life and wildlife
Australia
Australia and New 
Zealand Guidelines for 
Freshwater and Marine 
Water Quality (ANZECC 
2000)
Upland River 
(150 to 1500 m) 2 
to 25 NTU
Lowland River 
(< 150 m)          
 6 to 50  NTU
Lakes and 
Reservoirs           
1-20 NTU
South East Australia Trigger 
values. If values are exceeded 
it ‘triggers’ an investigation
New Zealand
Australia and New 
Zealand Guidelines for 
Freshwater and Marine 
Water Quality (ANZECC 
2000)
Upland River 
(150 to 1500 m) 
4.6 NTU 
Lowland River 
(<150m)       5.6 
NTU
Table 1.  Permissible suspended solids and turbidity limits stipulated in various guidelines and legislation.
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variability in research data, including the diversity and 
range of conditions found in the river environments 
concerned (Bilotta & Brazier, 2008).  The turbidity of a water 
sample not only varies as a consequence of SS concentration 
but also with factors including the size and shape of the 
particles themselves and even with season (Bash et al., 
2002; Holliday et al., 2003; Robertson et al., 2007; Bilotta 
& Brazier, 2008).  Furthermore, a specific SS/turbidity 
relationship may not be valid over time owing to hysteresis 
effects, in which finer particles are more prominent on 
the rising limb of a hydrograph than on the receding limb 
(MacDonald et al., 2003).  For example, the SS-turbidity 
Fig. 1.  Turbidity and suspended solids concentrations for selected river waters.  Graph adapted from studies conducted by Packman et al. 
(1999).
Turbidity Total Suspended Solids Streambed Substrate 
Composition
Change from background of 8 NTU 
at any one time for a duration of 24 h 
in all waters during clear flows or in 
clear waters
Change from background of 25 mg L-1 
at any one time for a duration of 24 h in 
all waters during clear flows or in clear 
waters
%  fines not to exceed: 
• 10 % < 2 mm
• 19 % < 3 mm
• 28 % < 6.35 mm
at salmonid spawning sites
Change from background of 2 NTU 
at any one time for a duration of 30 d 
in all waters during clear flows or in 
clear waters
Change from background of 5 mg L-1 
at any one time for a duration of 30 d in 
all waters during clear flows or in clear 
waters
Geometric mean diameter not 
less than 12 mm (minimum 30-d 
intragravel DO of 6 mg L-1)
Change from background of 5 NTU 
at any time when background is 8 to 
50 NTU during high flows or in turbid 
waters
Change from background of 10 mg L-1  at 
any time when background is 25 to 100 
mg L-1 during high flows or in turbid 
waters
Fredle number not less than 5 mm 
(minimum 30-d intragravel DO of 
8  mg L-1)
Change from background of 10 % 
when background is > 50 NTU at any 
time during high flows or in turbid 
waters
Change from background of 10 % when 
background is > 100 mg L-1  at any time 
during high flows or in turbid waters
Table 2.  British Columbia ambient water quality guidelines (criteria) for turbidity, suspended and benthic sediments (Singleton, 2001).
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relationship for a river water sample that was sieved to 
eliminate particles greater than 53 µm (silt and clay) is 
illustrated in Fig. 2.  The corresponding relationship for the 
same sample but for particles between 53 µm and 125 µm 
(very fine sand) shows the effect 
of particle size on the SS-turbidity 
relationship (Marquis, 2005).
Input of sediment from 
river crossings
Sediment input, transport and 
deposition are natural river 
processes but construction 
activities can greatly elevate 
both suspended and deposited 
sediment above ambient natural 
levels, with implications for aquatic ecosystems (Fig. 3). 
Sediment may originate from a range of road-construction 
activities, including: the discharge of water from the site, the 
construction of temporary roads, blasting, and runoff from 
Fig. 2.  An example of a suspended solids/turbidity relationship for two sediment size fractions of 
the same river water sample (adapted from Marquis, 2005).
Fig. 3.  Schematic illustration of the effects of suspended and deposited sediment on an aquatic ecosystem (adapted from Wood & Armitage, 
1997).
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exposed earthworks and from temporary soil stockpiles. 
Rainfall events can mobilise sediment from these sources 
and increase SS in adjacent watercourses.  Lane & Sheridan 
(2002) showed significant sediment transport to adjacent 
watercourses, even during relatively modest precipitation. 
The contribution of sediment from river-crossing 
construction has been well documented since the 1960s 
(Vice et al., 1969; Barton, 1977; Beschta, 1978; Extence, 
1978; Cline et al., 1983; Embler & Fletcher, 1983; Duck, 
1985; Barrett et al., 1995a; Luce & Black, 1999; Wellman 
et al., 2000; Lane & Sheridan, 2002; Cerdà, 2007) and the 
importance of monitoring sediment inputs has been 
highlighted in a number of reviews (Waters, 1995; Wood & 
Armitage, 1997; Meaghan & King, 2004).  Generally, these 
studies have reported that SS increased above natural 
levels during the construction period of river crossings; 
for a summary, see Table 3.  In a comparison of sediment 
deposition at culverts and bridges with in-stream piers, 
Wellman et al. (2000) found that, during construction, 
significantly more sediment accumulated downstream of 
culverts than bridges.  Generally, water quality has been 
reported to recover to natural levels soon after culvert 
construction is completed (Barton, 1977; Tsui & McCart, 
1981; Cline et al., 1982; Barrett et al., 1995a).  However, 
exposed earthworks can continue to be subject to erosion 
and generate sediment carried to adjacent watercourses 
(Luce & Black, 1999), unless mitigating measures are 
undertaken or until re-vegetation occurs (Schlosser & Kerr, 
1981; Purcell et al., 2012).  Therefore, it is clearly important 
that water quality monitoring be continued after initial 
crossing works have been completed, to ensure subsequent 
input events, as illustrated in Fig. 4, are captured.
River hydraulics
It is generally accepted that ecologically important 
watercourses should be bridged rather than culverted 
and, where possible, should employ clear-span designs, 
so as to leave the natural bed and banks undisturbed 
Crossing type
SS (mg L-1)
 pre-
SS (mg L-1) 
during
Note Author
Culvert <5 1390 Maximum Barton (1977)
Bridge foundations 3.2 15.8 Mean Cline et al. (1983)
Culvert a 17 75 Mean Cline et al. (1983)
Culvert b 3 81 Mean Cline et al. (1983)
Culvert <30 60-130 Maximum Embler & Fletcher (1983)
Unknown 35 179 Mean Barrett et al. (1995a)
Pipeline 7 7620 Maximum Tsui & McCart (1981)
Culvert 144 1237 Maximum Lane & Sheridan (2002)
Unknown 5 15 Maximum Chen et al. (2009)
Table 3.  Summary of studies documenting an increase in suspended solids (SS) downstream of river-crossing construction sites.
Fig. 4.  Example of sediment input into an adjacent watercourse 
during road construction.
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(NRA, 2008; SEPA, 2008).  Where the construction of a 
bridge is not financially or otherwise feasible, culverts may 
be employed.  Culvert construction generally requires 
in-stream excavation, which increases the potential for 
sediment suspension and for adverse impacts on aquatic 
communities.   
River crossings that are poorly designed can disrupt 
natural river hydraulics and cause such problems as 
increased erosion, flooding due to change in flow, 
blockage by debris and fragmentation of in-stream and 
riparian habitats.  Inappropriately positioned culverts 
or bridge piers that are constructed without adequate 
understanding of river flow dynamics can result in scour 
and erosion (SEPA, 2008).  Erosion in the vicinity of piers 
and abutments can affect geotechnical stability, ultimately 
leading to structural failure (Chiew, 1992; Bradley et 
al., 2005).  In addition, excessive flow velocities at the 
entrance or exit to culverts may erode and undermine 
river banks in the vicinity of the structure and exacerbate 
sediment transport into the river.  The deposition of such 
sediment downstream of the crossing structure can elevate 
the river bed (bed aggradation) (SEPA 2008), causing a 
reduction in the channel’s conveyance capacity and further 
erosion of the river bed and banks.  Natural flow can be 
maintained if the culvert is installed at the same slope as 
the natural stream bed and if the same cross-sectional 
flow area of the upstream channel 
is retained, as far as practicable. 
Consideration of the geometry of 
river crossings is also required. 
Culvert geometry
The construction of a culvert modifies 
the river channel locally and may alter 
flow characteristics that propagate 
upstream and downstream of the 
crossing structure (Wheeler et al., 
2005).  For example, MacPherson et al. 
(2012) noted increased silt and sand 
substrates upstream of established 
culverts.  Consequently, there are 
several key design goals in sizing a culvert, which include: 
maintaining the hydrology of the watercourse crossing 
as close to ‘natural’ conditions as possible, minimising 
the likelihood of flooding, maintaining sufficient light 
penetration, permitting the passage of debris and 
facilitating the passage of aquatic and terrestrial wildlife. 
For these reasons, culverts are normally oversized.
A summary of key culvert geometrical dimensions 
that must be considered are illustrated schematically in 
Fig. 5.  The breadth of the culvert (B) should be at least the 
breadth of the natural watercourse channel (Bates et al., 
2003; Murphy, 2006; NRA, 2008).  The height (H) can be 
determined by sizing the culvert to discharge the design 
flood without surcharging.  For example, in Ireland, a culvert 
must be capable of accommodating a one-in-one-hundred 
year flood.  Passage of small terrestrial mammals and other 
species using riparian zones as corridors can be facilitated 
by mammal ledges (F).  The design width of the mammal 
ledge varies from country to country and the requirements 
of the target species.  In Ireland, a mammal ledge must be 
located at least 150 mm above the  five-year flood level 
with a design width of at least 500 mm (NRA, 2008) but 
the species to which this standard applies is not mentioned 
in the NRA (National Roads Authority) document.  In the 
UK Design Manual for Roads and Bridges (DMRB), from 
which Irish standards are adapted, the same mammal 
Fig. 5.  Schematic illustration of twin-box culvert to accommodate dry and wet weather 
flows.  A) culvert height, B) total culvert width, C) substrate depth, D) water depth, E) 
mammal ledge height, F) mammal ledge width, G) width of one box culvert, H) height 
minus substrate depth.
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ledges dimensions are based on otter requirements, so Irish 
standards should facilitate otter passage.  In Switzerland, 
the dimensions of mammal ledges depend on the target 
species using the culvert (SARTE, 2011).  Dimensions 
for mammal ledges recommended by the National 
Roads Authority, SARTE and DMRB are summarised in 
Table  4.  In France, tiered ledges are typically employed 
to ensure mammal passage is maintained during both 
five-year and ten-year flood events (Cuenot et al., 2005). 
A further consideration in the design of culverts is to 
ensure that the penetration of light is adequate to support 
net primary production in the culverted channel.  In 
Ireland, adequate light penetration through culverts is 
ensured by stipulating a minimum culvert height (H) to 
length (L) ratio.  In the case of box culverts exceeding 25 m, 
50 m and 75 m in length, such culverts must have minimum 
heights of 2.4 m, 2.7 m and 3.0 m, respectively (SRFB, 2007). 
Other countries, such as the US, employ an ’openness 
ratio’ to ensure adequate light penetration.  This ratio is 
defined as the culvert cross sectional area (m2) / culvert 
length (m).  In the State of 
Massachusetts, for example, the 
ratio must be ≥ 0.25 m, to allow 
the passage of medium-sized 
mammals (Jackson et al., 2011).
The depth of benthic 
substrata is also important in 
maintaining natural stream-bed 
characteristics.  Culverts should 
be installed so that the invert 
(the bottom of the culvert) is 
at a specified minimum depth 
(C) below the grade line of the 
stream bed, which encourages the 
formation of a natural stream bed. 
There is considerable variation 
in the recommended depths of 
benthic substrata set by various 
statutory agencies in Ireland and 
Canada (see Table 5).  However, 
there is a lack of peer-reviewed 
literature on the question of the 
stability of substrata within culverts.  In one US study of 
120 culverts, 93% lacked substrata throughout the entire 
culvert length (Poplar-Jeffers et al., 2009).  A lack of natural 
substrata can have implications for benthic invertebrates 
and/or fish passage (Wheeler et al., 2005); clearer guidelines 
are needed to design appropriate benthic substrata that 
survive construction and are retained subsequently. 
Fish passage
Salmon (Salmo salar L.) and sea trout (Salmo trutta L.) are 
important migratory fish species that travel up river 
systems from the sea to spawn, and later their smolts 
return to sea.  Resident fish, such as the brown trout 
(Salmo trutta L.), do not undertake long migrations but 
they are still highly mobile, both as juveniles and adults. 
Some may move into larger river systems but return to 
smaller tributaries to spawn (O’Grady et al., 2008).  Other 
motivations for movement include habitat productivity 
(Kahler & Quinn, 1998), foraging (Gowen & Fausch, 
Target species
Swiss standards
Width        Headroom
(m)              height (m)
Irish standards
Width       Headroom
(m)             height (m)
UK standards
Width      Headroom
(m)            height (m)
Amphibians ≥ 1.0   ≥ 0.75
Reptiles ≥ 0.6             ≥ 0.75
Rodents ≥ 0.4             ≥ 0.4
Otters ≥ 1.0             ≥ 1.5 > 0.5 > 0.6
Foxes, 
badgers ≥ 1.0             ≥ 1.5
Unknown > 0.5 > 0.6
Table 4.   Comparison of Swiss (SARTE, 2011), Irish (NRA, 2008) and UK (DMRB, 2001) guidelines 
for the construction of mammal ledges. Swiss standards apply to culverts > 20 m.
Agency Benthic substrate depth 
(mm)
Author
National Roads Authority, Ireland 500 NRA (2008)
Southern Regional Fisheries 
Board, Ireland
300 of round gravel 10-100 SRFB (2007)
Department of Fisheries and 
Ocean, Canada
300 in cylindrical culverts or 15 
% diameter of a culvert >2 m
Gibson et al. 
(2005)
Table 5.  Summary of the benthic substrate depth requirements for agencies in Ireland and 
Canada.
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2002), predator avoidance (MacKenzie & Greenberg, 1998) 
and the selection of thermal refuges (Cunjak et al., 2005). 
Consequently, barriers to fish movement can interrupt 
spawning and seasonal migrations, restrict access to food 
resources or habitat, increase the chances of predation and 
reduce the genetic flow between populations.  
There is little evidence that clear span bridges 
block the passage of fish (Ruediger, 2001; Roni et al., 
2002; Benton et al., 2008).  Poorly designed culverts, 
however, can be a major barrier to the movement 
of both migratory and resident fish, and have been 
shown to reduce population densities of brook charr 
(Salvelinus fontinalis Mitchill) upstream of the crossing 
(Pépino et al., 2012).  In order for fish to pass through a 
culvert successfully, they must be able to enter the culvert, 
traverse its length, exit and proceed upstream to a resting 
place (Kahler & Quinn, 1998).  Fish movement can be 
inhibited by excessive water velocity at the inlet, or outlet, of 
the culvert (Peake, 2008).  Perching, where there is a sudden 
drop in the level of the stream bed at the downstream 
end of the culvert (Baker & Votapka, 1990), insufficient 
water depth during dry weather conditions (Fitch, 1996), 
or the darkened conditions attributable to an excessive 
aspect ratio (crossing length to culvert height) (Ruediger, 
2001) are further deterrents to the free movement of fish.
(i) Water velocity
Stream water velocity and culvert geometry 
are related by the continuity principle of 
hydrodynamics.  The cross-sectional area 
of the culvert must be sufficient to maintain 
water velocities below threshold limits. 
However, excessively wide culverts may 
result in very low water velocities, which 
may lead to deposition of SS and inadequate 
water depths for fish passage.  Therefore, to 
achieve the desired velocity range under flow 
extremes, it may be necessary to provide, for 
example, twin-box culverts, one aperture for 
dry weather flows and the second for storm 
flows (see Fig. 5).  Warren & Pardew (1998) 
noted that the movement of fish through 
culverts is inversely proportional to water velocity, and 
the maximum allowable velocity thresholds also decrease 
with increasing culvert length (Bates et al., 2003).  Many 
studies have examined maximum water velocities 
tolerated by various fish species, which are summarised in 
Table 6.  Swimming activity of fish may be categorised into 
three groups (Blank, 2010): cruising (can be maintained 
for a number of hours), sustained (can be maintained for 
a number of minutes) and burst (can be maintained for a 
number of seconds).  The relationship between swimming 
velocity and endurance (as measured over distance or time) 
has been studied by a number of researchers (Katopodis, 
1992; Warren & Pardew, 1998; Plaut, 2001; Bates et al., 2003) 
and a typical relationship is illustrated in Fig. 6.
Water velocity within culverts may be regulated by 
techniques such as backwatering and/or fitting baffles. 
Backwatering results in an increase in the water level 
upstream of a culvert by downstream control of weirs; 
backwatering may decrease flow velocity to provide a 
sufficient water depth in the culvert.  The National Roads 
Authority (2008) recommends that a culvert should be laid 
so as to remain backwatered in drought flow to a depth 
of no less than 500 mm at the upstream opening and 
pools should be formed at both ends of the culvert to act 
as a resting place for fish.  These resting pools should be 
at least 300 mm deep for trout and 450 mm for salmon 
Fig. 6.  Maximum and minimum envelopes of swimming capabilities for salmonid 
fish species (adapted from Haack et al., 2003).
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(SEPA, 2008).  A control structure, such as a gabion or 
rock weir, may be sited downstream of the pool to retain 
water in the pool during low flows (Larinier, 2002). 
Baffles are hydraulic obstructions installed at regular 
intervals within a culvert to reduce water velocity, 
increase roughness and, thus, the depth of flow, and in 
some cases create hydraulic conditions suitable for fish 
passage (Pearson et al., 2005).  Numerous studies have 
concluded that fitting baffles in culverts may create 
conditions that allow successful fish passage (Bryant, 
Document
Species Life stage
Maximum 
velocity (ms)
Culvert 
length (m)
Author
Irish 
guidelines
n/a n/a
1.2
0.9
< 24
> 24
NRA (2008)
Scottish 
Guidelines
Salmon
Brown trout
> 550 mm
> 150 mm
2.0
1.75
1.0
0.8
20-30
> 30               
20-30             
> 30
Scottish 
Executive (2000)
Canadian 
guidelines Salmon Adult
1.2
0.9
< 24.4
> 24.4
Adams & Whyte 
(1990)
Review of 
international 
literature
American eel
Atlantic 
salmon
Brown trout
Rainbow trout
Sea lamprey
Stickleback
Juvenile
Adult
Smolts
Parr
Adult
Juvenile
Adult
Juvenile
Adult
Adult
Juvenile
0.2
0.9
0.65
0.3
0.7
0.35
0.6
0.35
0.75
0.2
0.2
100           
100        
100           
100            
100                
100           
100           
100           
100               
100           
100
Peake (2008)
Australian 
Guidelines n/a n/a 0.3 n/a
Fairfull & 
Witheridge 
(2003)
Californian 
guidelines Salmonids
Adult
Adult
Juvenile
1.8
1.2
0.3
< 60
100 to 200
All lengths
NMFS (2001)
Washington 
Guidelines
Trout
Coho/chinook 
salmon
Adult
Adult
1.2
0.9
1.8
1.2
10 to 60
100 to 200
10 to 60
100 to 200
Bates et al. (2003)
Canadian 
culvert 
inspection 
procedures
Cutthroat/  
rainbow trout
Adult
 Juvenile
0.9         
0.4
Swimming 
maintained 
indefinitely
Parker (2000)
Table 6.  Maximum water velocities (m s-1) permitted in culverts to ensure fish passage.
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1981; Slawski & Ehlinger, 1998; Cahoon 
et al., 2004; MacDonald & Davies, 2007). 
However, other studies caution that baffles 
can reduce hydraulic capacity, accumulate 
debris and require regular maintenance 
(Lauman, 1976; Baker & Votapka, 1990; 
Fitch, 1996).  Therefore, baffles should be 
considered only as a last resort and after all 
other options have been exhausted (Boubée 
et al., 1999).  For example, if the gradient of 
a culvert is too steep, artificially roughening 
culvert surfaces or the installation of 
baffles may be necessary (Larinier, 2002). 
Larinier (2002) and Boubée et al. (1999) 
reviewed the various baffle designs that 
might be considered.  Where baffles are 
found to be necessary, they need to be 
designed to optimise fish passage.  Using 
an underwater camera, Kane et al. (2000) observed 
that juvenile salmon did not jump over baffles but 
swam though slots between the culvert wall and 
the baffle ends.  Slots or notches should therefore be 
incorporated into baffles (Fig. 7).  In Ireland, when 
baffles are necessary, notched baffles are preferred 
and ‘should be laid so as to provide a low flow 
channel along the central axis and to reduce velocity of 
flow to correspond to the swimming capability of the 
weakest species frequenting the system’ (NRA, 2008).
(ii) Perching
Perching is a term used to refer to the effect of an abrupt 
step in water level at the outlet of a culvert, often caused 
by the persistent erosion of the stream bed downstream 
of the culvert.  Perching can prevent migrating fish from 
entering the culvert and continuing upstream (Fig. 8). 
Concrete aprons placed on the stream bed at the outlet of 
the culvert may prevent erosion; however, their use is not 
recommended in the guidelines offered by Boubée et al. 
(1999) or NRA (2008), as aprons tend to spread water in 
a layer too shallow for fish.  Instead, the bed at the outlet 
of a culvert should be well armoured and, if erosion is 
likely, then rock weirs should be deployed.  Even slightly 
perched culverts can affect juvenile fish and all designs 
should endeavour to eliminate the likelihood of perching 
(Lang et al., 2004).  Mueller et al. (2008) tested the leaping 
behaviour of juvenile coho salmon (Oncorhynchus kisutch 
Walbaum) in an experimental culvert.  Outfall drops 
ranged from 0 mm to 320 mm.  With no perching (0 mm), 
85 % of the fish successfully entered the culvert, but a 
320-mm step excluded all fish.  Brandt et al. (2005) found 
juvenile brook trout (Salvelinus fontinalis Mitchell) did not 
jump over waterfalls greater than 220 mm from a 100 mm 
deep plunge pool.
Fig. 7.  Example of a ‘notched’ baffle, highlighted with a white arrow. The ‘notch’ 
or gap in the baffle is designed to allow the passage of fish while the baffle controls 
water velocity.
Fig. 8.  A schematic diagram of a perched pipe culvert that poses a leap 
barrier to fish.
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(iii) Water depth
Culverts should be designed so that fish passage is 
achievable even in low flow conditions.  Minimum 
allowable water depths for salmonid fish vary from 
country to country, ranging from 100 mm to 304 mm 
according to the requirements of the target species and 
life stage (Table 7).  Minimum water depth guidelines 
are generally set for salmonid fish, although the Alaskan 
guidelines require the minimum water depth to be set 
for particular target species.  If the low-flow water depth 
allows the passage of the largest fish species in that river 
system, then it should be passable by all fish (Boubée et al., 
1999; Alberta Environment, 2001; Larinier, 2002). 
(iv) Behavioural avoidance
In addition to the physical barriers to fish passage that 
have been described above, restrictions on movement of 
fish can also be behavioural (Ruediger, 2001).  Avoidance 
behaviour has been observed in test flumes where seaward 
migrating salmon were exposed to rapid changes in 
hydraulic conditions over covered flumes and complex 
surfaces (Kemp et al., 2005; Kemp & Williams 2008).  There 
is considerable debate in the literature as to whether fish 
avoid culverts because of darkness or not.  Some guidelines 
recommend that additional lighting be provided in long 
culverts (Cotterell, 1998; NRA, 2008) but peer-reviewed 
literature appears to be lacking on this topic.  Some of the 
literature suggests that darkness in a culvert does not block 
fish passage (Bell, 1986, in Boubée et al., 1999), and that dark 
culverts may not inhibit fish movement at night.  Pearson 
et al. (2005) found in culvert test beds that the movement of 
juvenile coho salmon was highest at night time.  In general, 
over-sized culverts should counter light-related avoidance 
problems.  In contrast, small, long, piped-culverts may 
create a dark tunnelling effect.
A number of surveys have been undertaken that have 
examined the extent to which culverts impede fish passage 
in North America (Flanders & Cariello, 2000; Langill & 
Zamora, 2002; Gibson et al., 2005), and the UK (SEPA, 
2006) but data are lacking for Ireland.  On the basis of these 
surveys, barriers to fish movement have been attributed 
to one or a combination of the problems recognised in this 
review.  The results of several culvert inventories across 
North America are summarised in Fig. 9 (Blank, 2010). 
Inspection of Fig. 9 shows that 50–82 % of the culverts 
surveyed were impassable.  However, the full extent of the 
problem is still unclear, especially in countries where no 
data are available.  Traditionally, culvert surveys assessed 
whether the culverts were passable to adult migratory fish, 
with little consideration of juvenile passage (Jackson, 2003). 
The lack of data pertaining to the movement of juveniles 
was identified in a workshop on juvenile fish passage, held 
by the Washington State Department in 1997.  In response, 
Kahler & Quinn (1998) compiled a literature review of all 
the past research on juvenile salmonid movement; they 
deduced that upstream and downstream movements 
are of great importance, throughout the year.  Since then, 
further field studies and experimental investigations 
using culvert test beds have 
clarified the hydraulic issues 
pertinent to juvenile passage 
(Bates & Powers, 1998; Kahler 
et al., 2001; Pearson et al., 
2005; Mueller et al., 2008).
Laboratory studies, such 
as the aforementioned culvert 
test beds, have contributed 
to our understanding of fish 
passage requirements.  The 
passage of fish can, however, 
be culvert-specific.  For 
Country Species/ life stage Depth (mm) Author
Ireland Trout                                                        
Salmon
100                           
150
NRA (2008)
USA (California) Salmonids(adult)                     
Salmonids (juvenile)
304                               
152
CDFG (2002)
USA (Alaska) n/a 2½ x design 
fish caudal fin
ADFG (2001)
USA (Washington) Trout > 150 mm 243 Bates et al. (2003)
Scotland Brown trout 150 mm
Salmon > 550 mm
100                  
300
Scottish Executive 
(2000)
Table 7.  Minimum water depth (mm) recommended in culverts to allow passage of salmonid fish.
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example, Benton et al. (2008) found that the downstream 
and upstream movement of fish was reduced in sections 
of watercourses separated by box culverts.  In contrast, 
movement through clear-span bridges was similar to a 
natural stretch of a watercourse lacking such obstructions. 
On the other hand, Warrren & Pardew (1998) found that 
fish movement was higher through box culverts than 
natural reaches.  The difference in the findings of the 
two studies was attributed to the fact that, in the Warren 
& Pardew (1998) study, high water depth and low water 
velocity occurred through the box culverts, whereas 
shallow water depths and high velocities were observed 
through the box culverts in the Benton et al. (2008) study. 
Clearly, careful consideration of local hydrological 
conditions is needed before a culvert is constructed.
The literature on fish passage has focused mainly on 
migratory species of economic importance, especially 
salmonids (Wheeler et al., 2005).  Unrestricted movement 
is also important for resident and/or non-game species 
(Schmetterling & Adams, 2004) but research has been 
relatively neglected in this area.  Some exceptions 
include studies in the US on the nationally threatened 
leopard darter (Percina pantherina Moore & Reeves) 
(Toepfer et al., 1999; Schaefer et al., 2003), sunfish 
(Centrachidae), minnows (Cyprinidae), topminnows 
(Fundulidae) and darters (Percidae) (Warren & Pardew, 
1998), common jollytails (Galaxias maculates Jenyns) and 
also those on the spotted galaxias (Galaxias truttaceus 
Valenciennes) in Australia (MacDonald & Davies, 
2007).  These studies also reported that fish movement 
was restricted through inadequately designed culverts.
Furthermore, little is known about the ability of 
some of the weaker-swimming species, or those with 
alternative swimming modes, such as lamprey.  When 
confronted with high velocities, lamprey can attach 
themselves to rock surfaces to rest between bursts of 
swimming (Mesa & Moswer, 2004).  The Columbia 
River Basin Lamprey Technical Workgroup concluded 
that, for this species, attachment surfaces should be 
Fig. 9.   Summary of results from culvert barrier inventories conducted in parts of North America (Blank, 2010).
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provided in culverts but more research on their availability 
and design is still needed (Mesa & Moswer, 2004).
Ecological impacts
Aquatic and riparian vegetation
Suspended solids have a predominant influence on the 
compensation point in a water column (the depth at 
which photosynthesis equals respiration in plants) and 
are therefore a key determinant in the distribution of 
submerged aquatic vegetation (Batuik et al., 1992).  Aquatic 
macrophytes have important effects on the hydraulic 
conditions within a watercourse, creating areas of slow and 
fast flowing water (Wood & Armitage, 1997).  Suspended 
solids restrict the growth and distribution of aquatic plants 
by reducing available light.  Some populations of aquatic 
macrophytes have experienced significant  losses, largely 
attributable to diminished underwater light and increases 
in SS concentrations, or burial caused by sediment 
deposition (Oglesby et al., 1976; Brookes, 1986; Wood & 
Armitage, 1997), although tolerances vary from species to 
species (Fonseca & Fisher, 1986). 
The riparian zone represents an active interface 
between aquatic and terrestrial ecosystems and performs 
important functions in 
watercourses.  Leaf litter and 
woody debris that falls directly 
into rivers provide important 
allochothonous sources of 
organic matter, which is 
utilised by macroinvertebrates 
(Richardson, 1992; Wallace et 
al., 1997) (Fig. 10).  In addition, 
tree and shrub canopies 
provide shade and regulate 
watercourse temperatures 
(Webb, 1996) and their roots 
can help stabilise banks and 
so reduce sediment input 
(Schlosser & Kerr, 1981; Cooper 
et al., 1987).  The removal 
of riparian vegetation from river-crossing construction 
sites can influence a number of in-stream processes, 
such as temperature regulation (King et al., 2000) 
and leaf litter accumulation (Stout & Coburn, 1989). 
Fish
Elevated inputs of either suspended or deposited solids 
from construction activities can affect fish at all life stages, 
however studies have shown that the fish community 
is likely to recover once the input of sediment has been 
reduced (Barton, 1977; Taylor & Roff, 1986).  Newcombe 
& MacDonald (1991) categorised the effects of sediment 
on fish as being lethal, sub-lethal or behavioural.  Lethal 
effects cause mortalities of fish; sub-lethal effects relate 
to tissue injury or alterations in physiology, for example, 
where SS clog gills, interfere with growth rates and/or 
reduce disease tolerance (Waters, 1995; Wood & Armitage, 
1997).  Behavioural effects are recognised in changed 
activity, for example, avoidance of waters with high levels 
of SS (Bisson & Bilby 1982).  Suspended solids may impair 
the vision of trout, and so disrupt feeding behaviour and 
efficiency (Shaw & Richardson, 2001).  Elevated suspended 
and deposited solids may also alter fish habitat, altering 
macroinvertebrate communities in favour of burrowing 
Fig. 10.  Riparian zone benefits to the aquatic environment (LOD refers to large organic debris). 
Reproduced from Chilibeck et al. (1992) with the permission of the Minister of Public Works and 
Government Services Canada, 2012.
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taxa, thereby reducing the 
food resource for some 
fish species, leading to a 
lowering of their numbers 
and poorer growth (Barton, 
1977; Erman & Ligon, 1988; 
Suttle et al., 2004).  
In some studies, the 
concentrations of SS that 
cause lethal, sub-lethal or 
behavioural effects have 
been proposed.  Exposure to high levels of SS (500 mg 
L-1 to 1217 mg L-1) for 96 hours has been reported to be 
fatal to juvenile coho salmon (Stober et al., 1981 in Lloyd, 
1987) and avoidance behaviour has been observed in 
adult coho salmon at 2550 mg L-1 (Servizi & Martens, 
1992).  In various other studies, lower concentrations of 
SS (500 mg L-1 for 21 days) have been shown to cause gill 
damage and growth impairment (Sutherland & Meyer, 
2007), reduced foraging (at 180 mg L-1: Robertson et al., 
2007) and heightened stress responses (at 400 mg L-1 for 
96 hours: Lake & Hinch, 1999).  The SS levels endorsed 
by the European Inland Fisheries Advisory Committee 
(Kerr, 1995) and the Canadian Department of Fisheries 
and Oceans (Birtwell, 1995) as being prejudicial to fish 
are summarised in Table 8.  Inspection of this table 
reveals that SS concentrations above 80 mg L-1 to 100 mg 
L-1 pose a moderate-to-high risk to fisheries.  It is plain 
that such levels have been exceeded in some instances 
of river-crossing construction (see Barton, 1977; Lane & 
Sheridan, 2002).  The duration of exposure to suspended 
sediment is also an important criterion that needs to be 
considered (Newcombe & MacDonald, 1991; Shaw & 
Richardson, 2001; Wilber & Clarke, 2001).  A conceptual 
model of fish response to prolonged exposure times is 
outlined in Newcombe & MacDonald (1991) (Fig. 11). 
Elevated concentrations of deposited sediment in 
spawning gravels may decrease the available spawning 
habitat and reduce fish egg survival (Newcombe & 
MacDonald, 1991; Greig et al., 2005a; Jensen et al., 2009).  Of 
particular concern is the ‘fines’ fraction (sediment < 1 to 2 
mm), which can reduce the permeability of gravel (Moring, 
1982) and result in lowered interstitial concentrations of 
dissolved oxygen concentrations and lowered survival 
of incubating fish eggs (Greig et al., 2005b; Yamada & 
Nakamura, 2009).  Philips et al. (1975) also noted that the 
premature emergence of coho salmon fry was related to 
high concentrations of fines in artificial redds.  There is 
copious literature on the effect of fine sediment on fish 
egg survival under field (e.g. Turnpenny & Williams, 1980; 
Yamada & Nakamura, 2009; Cocchiglia et al., 2012) and 
laboratory conditions (e.g. Auld & Schubel, 1978; Reiser & 
White, 1988; Rinne, 2001).  O’Connor & Andrew (1998) and 
Greig et al. (2005a) conducted both laboratory and field 
assessments but Cocchiglia et al. (2012) is the only study 
available examining the effect of fine sediment derived 
European Inland Fisheries Advisory 
Committee
Canadian Department of Fisheries and 
Oceans
SS Comment SS (mg L-1) Comment
< 25 No harmful effects on fish < 25 Very low risk
25 to 80 Good or moderate fisheries 25 to 100 Low risk
80 to 400
Unlikely to support good 
fisheries
100 to 200 Moderate risk
- - 200 to 400 High risk
> 400 Poor fisheries > 400 Unacceptable  risk
Table 8.  Suspended solids (mg L -1) risk to fish habitat and fisheries.
Fig. 11.  Conceptual model of fish response to increased suspended 
solids concentration and exposure time (adapted from Newcombe 
& MacDonald, 1991).
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from culvert earthworks on fish 
eggs.  From these studies, it is 
apparent that there is a general 
agreement that fine sediment 
does adversely impact fish-egg survival, among various 
species.  There is less agreement about what constitutes 
‘fine sediment’.  Studies on the impact of fine sediment 
on fish eggs have variously treated ‘fines’ as being < 2 mm 
(Lisle, 1989; Soulsby et al., 2001; Suttle et al., 2004; Greig 
et al., 2005a), < 1 mm (O’Connor & Andrew, 1998), or < 
0.85 mm (Harshbarger & Porter, 1982; Tappel & Bjornn, 
1983; Garrett & Bennett, 1996; Argent & Flebbe, 1999). 
This failure to standardise the definition of ‘fines’ hinders 
comparison of the literature.  The British Standard (BS 
1377:1975) classifies soil into four categories: clay, silts, 
sands and gravels, the fine fraction being the clay and 
silt, with particle sizes less than 0.063 mm (see Table 9). 
Few studies have examined fish population 
responses during the construction period of river 
crossings, Barton (1977) and Wellman et al. (2000) being 
exceptions.  Barton (1977) recorded a large increase in 
sediment during culvert construction (1390 mg L-1), 
which resulted in  > 50 % reduction in the abundance 
of fish immediately downstream of the culvert.  The 
decrease in fish numbers was not evident further 
downstream, where numbers returned to original levels 
once construction ceased.  Wellman et al. (2000) recorded 
elevated sediment concentrations downstream of culvert 
construction but the accumulation was insufficient to 
impact measurably on the fish community.  The principal 
determinants of the effects of SS on fish populations and 
the likely recovery time are the concentrations of the fine 
sediment generated, the duration of exposure and the 
sensitivity of the fish species to the sediment material. 
Invertebrates
Macroinvertebrates form a critical link between 
autochthonous and allochthonous energy inputs and 
the top consumers.  They constitute an essential food 
source for fish and play an important role in watercourse 
ecosystem processes, such as nutrient cycling, primary 
production, decomposition and the translocation of 
materials (Wallace & Webster, 1996).  The impact of river 
crossings on macroinvertebrates has been studied mainly 
in the USA (Peterson & Nyquist, 1972; Barton, 1977; 
Reed, 1980; Cline et al., 1982; Taylor & Roff, 1986; King et 
al., 2000; Hedrick et al., 2007; Chen et al., 2009; Hedrick 
et al., 2010) and Canada (Khan & Colbo, 2008).  Culverts 
are the most common type of river crossing examined in 
relation to the effects of in-stream construction activity on 
macroinvertebrate communities (Barton, 1977; Reed, 1980; 
Taylor & Roff, 1986; King et al., 2000).  A small number 
of studies concern the effects of bridge construction on 
macroinvertebrates (Peterson & Nyquist, 1972; Cline et 
al., 1982).  These concluded that bridge construction had 
a negligible impact on macroinvertebrate communities. 
Other studies have not specified the type of river crossing 
(Hedrick et al., 2007; Chen et al., 2009; Hedrick et al., 2010). 
There are several ways in which river crossings may 
alter the composition of macroinvertebrate communities. 
Sedimentation has already been identified as being a likely 
impact during the construction phase.  Reed (1980) and 
Extence (1978) found that construction-related sediment 
was implicated in the increased drift and restructuring 
of communities.  The effect of sediment on macroin-
vertebrates may also be inferred from other studies 
unrelated to river-crossing construction.  Suspended 
and deposited sediment alter the composition of benthic 
substrata and change its suitability for some taxa 
(Extence, 1978; Erman & Ligon, 1988).  Elevated SS can 
also be responsible for increases in macroinvertebrate 
drift (Barton, 1977; Doeg & Milledge, 1991; Larsen & 
Ormerod, 2010), as well as reduction in species richness 
and in trait diversity (Larsen et al., 2011).  Burial of 
habitat, interference with feeding, lowered growth rates 
and reduced densities are also observed (Jones et al., 
2012).  In this way, the duration of exposure to sediment 
deposition helps to determine the magnitude of its impact 
on macroinvertebrates (Molinos & Donohue, 2009). 
Particle size (mm)
Soil
< 0.002
Clay
< 0.063
Silt
< 2
Sand
<60
Gravel
Table 9.  The British Soil Classification System (BS 1377:1975).
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Other less-studied influences of river crossings on 
macroinvertebrates include alteration of the flow regime at 
the outlet of a culvert, which can favour species tolerant to 
high velocities (Khan & Colbo, 2008).  The removal of 
riparian vegetation can alter watercourse temperatures, 
causing changes to the taxa represented in macroinvertebrate 
communities (Stout & Coburn, 1989; King et al., 2000). 
In addition, accelerated velocities impair the upstream 
migration of weaker-swimming macroinvertebrate larvae 
(Turner & Williams, 2000).  Vaughan (2002) concluded 
that, if culverts block the upstream passage of larvae, the 
upstream dispersal of adults may help to compensate 
this.  Blakely et al. (2006), however, observed that adult 
caddis-fly abundance was progressively lower above 
each of three successive pipe culverts, indicating that 
the restriction of movement may be species-dependent.
A search of the available literature revealed a dearth 
of papers describing chronic impacts of river crossings 
on macroinvertebrate communities, in line with the 
experiences of Wheeler et al. (2005).  Where acute effects 
of river crossings have been shown, one or more of the 
influences described above is cited.  Degraded aquatic 
systems are often characterised by one or a few dominant 
taxa (Karr & Chu, 1997), which effect has been noted 
directly downstream of culvert construction (Khan & 
Colbo, 2008; Hedrick et al., 2010).  Other effects include 
a change in species composition (Barton, 1977), and/or a 
decline in diversity (Taylor & Roff, 1986), species richness 
(Reed, 1980) and sensitive taxa such as Ephemeroptera, 
Plecoptera and Trichoptera (Hedrick et al., 2010).  Impacts 
can be related to the duration of construction works and 
watercourse characteristics.  For example, Cline et al. (1982) 
reported that the macroinvertebrate community tends, 
generally, to be less affected by bridge foundation works 
than expected; this was attributed to the high gradient of 
the watercourse in question and by its rapid flushing by 
the flow of the river, as well as to the short duration of 
construction activities.  Hedrick et al. (2007) found no lasting 
effect on the macroinvertebrate community of a complete 
removal of stream bed at a locality cleared to facilitate 
bridge construction.  This finding was attributed to the 
correct use of mitigation measures. In contrast, the incorrect 
application of sediment control techniques has been 
shown to impact upon macroinvertebrates (Reed, 1980).
Macroinvertebrate communities have been shown to 
recover substantially within one year of the completion of 
construction work (Barton, 1977; Cline et al., 1982), although 
long-term assessments of impact, advocated by Wheeler et 
al. (2005), have rarely been undertaken.  A particular study 
by Barton (1977) and another, later, study by Taylor & 
Roff (1986) in the same catchment, reveal that, in spite of 
an apparent rapid re-establishment of macroinvertebrate 
communities (within one year of culvert construction), 
a lowered species diversity persisted after two and a half 
years and was not really restored until five years after 
construction.  Other long-term studies have shown that 
impacts may persist for 10 years after construction of a 
river crossing (Hedrick et al., 2010).  As well as a paucity of 
long-term studies, few studies have considered the extent 
of impacts of river crossings construction at locations 
substantially downstream.  King et al. (2000) and Khan 
& Coho (2008) examined macroinvertebrate communities 
200 m and 100 m downstream of culverts, finding 
either no impact or rapid recovery at these downstream 
locations.  Further research is required to confirm whether 
the effects of river crossings are typically so restricted.
One invertebrate taxon of particular concern, in 
Ireland and elsewhere where it occurs, is the freshwater 
pearl mussel (Margaritifera margaritifera L.), which inhabits 
high-quality rivers potentially supporting healthy 
salmonid populations.  Pearl mussel populations were 
once common in northern and central Europe, Russia 
and north eastern US and Canada, but are now in decline. 
The species is classed as ‘endangered’ in the IUCN’s 
red data list and it is also listed on Annexes II and V of 
the European Habitats Directive (European Council, 
1992).  Cosgrove & Hastie (2001) attributed the decline of 
pearl mussels in Scotland to river engineering activities. 
Sedentary organisms like adults of the freshwater 
pearl mussel are highly susceptible to impacts from 
sedimentation.  Juvenile mussels spend their first five 
years buried in sand and gravel, where the exchange of 
water between the water column and benthic substrata is 
essential in providing food and oxygen.  Fine sediments 
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may clog substratum interstices and impede this exchange. 
However, research into the effects and tolerance of mussels 
to interstitial sediment is required (Skinner et al., 2003). 
Adults respond to sedimentation by closing their shells; 
prolonged closure can lead to oxygen deprivation and 
starvation (Forest Service, 2008), and elevated suspended 
and deposited sediments can directly interfere with filter 
feeding (Aldridge et al., 1987).  There is, however, a large 
knowledge gap relating to the extent of sediment tolerance 
in pearl mussels.  Valovirta (1998) considered that the 
tolerance of SS in adult pearl mussels is < 30 mg L-1, and 
Skinner et al. (2003) suggested that SS levels consistently 
above 10 mg L-1 should be of concern.  No European 
guidelines relate to deposited sediment and, as described 
above, the EC Freshwater Pearl Mussel Regulations 2009 
simply state that there should be ‘no artificial elevated levels 
of siltation’.  A water-quality standard for river-crossing 
construction that protects pearl mussels is unavailable, 
although levels have been proposed in the literature and 
these are summarised and referenced in Table 10.  Some 
additional guidance emanates from forestry activities 
and recommendations for the construction of forest roads 
published by the Irish Department of Agriculture (see 
Forest Service, 2008).  Moreover, it must be recalled that 
fish (especially salmonids) and their free movement in river 
systems play a crucial role in the life cycle and dispersal 
of pearl mussels, as the larvae of mussels (glochidia) 
attach themselves to the gills of host fish (see, for instance, 
Cosgrove & Hastie, 2001; Jackson, 2003).  By analogy, it has 
been reported that populations of dwarf wedge mussels 
(Alasmidonta heterodon Lea) in the USA have been sharply 
reduced as a consequence of enhanced erosion and 
sedimentation during bridge construction (Smith, 1981). 
Discussion
Over 200 peer-reviewed papers were consulted during 
the compilation of this review; a considerable amount 
of information is located in the so-called ‘grey literature’. 
There is a clear indication that our practical knowledge 
of the impacts of river crossings on aquatic systems 
remains deficient.  The potential environmental impacts 
of construction are well covered by the current literature 
but the significant knowledge gaps concern the adequacy 
of mitigation techniques.  There is also a significant 
lack of information about long-term impacts.  From the 
literature review, it is clear that the least invasive method 
of crossing a watercourse is the use of a clear-span bridge 
that has no contact with the watercourse itself (Murphy, 
2006; Benton et al., 2008).  This type of crossing, however, 
is not always feasible on the grounds of cost and it may 
not be appropriate for smaller watercourses.  In these 
circumstances, culverts are the only realistic option.
From an ecological perspective, sediment, its 
generation, transport and resettlement, remains the major 
concern.  Numerous guidelines and recommendations 
exist on how to mitigate sediment input during river 
crossing construction.  However, little research has been 
conducted on the effectiveness of the various types of 
control that may be deployed during river-crossing 
construction (Wheeler et al., 2005).  Even those studies that 
have evaluated the performance of sediment controls have 
produced variable results and, furthermore, these controls 
have often failed through a lack of regular maintenance 
(Barrett et al., 1995b; Mitchell et al., 2003).  Limit values for 
SS and turbidity are specified by many regulatory agencies. 
During the construction of river crossings, however, these 
limits are sometimes exceeded for short periods of time, 
particularly during storm events, even when sediment 
controls are in place.  Some water-quality guidelines 
for river-crossing construction may not be adequate to 
safeguard aquatic biota.  For example, the EC Freshwater 
Fish Directive specifies a maximum annual average SS 
of ≤ 25 mg L-1.  This single limit value raises a number of 
important questions for authorities regulating discharges 
from road construction activities on watercourses.  As 
it is an annual average value, it may self-evidently be 
exceeded significantly for short periods of time during 
which construction occurs, and may reach levels likely to 
be detrimental to aquatic life.   A threshold value based on 
an annual average may not be sufficient for the assessment 
of risk to aquatic biota or their protection from impact, as 
some events may substantially exceed this threshold, albeit 
for short periods (APEM, 2007).  Bilotta & Brazier (2008) 
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highlighted this point, and concluded that guidelines 
based on SS concentration alone may not be appropriate, 
since SS effects depend on species, life stage, duration and 
even chemical composition of the sediments.  Guidelines 
should be updated to incorporate duration limits using 
the best available data to inform the amendments. 
Furthermore, many of the water-quality guidelines are 
based on either SS or turbidity but not deposited sediment 
(Jones et al., 2012).  Deposited sediments should also be 
monitored during construction activities and guidelines 
should include limits on the sediment deposited, as in 
the British Columbia Canadian guidelines (Singleton, 
2001).  In addition, current water-quality standards have 
been developed primarily for fish species only, although, 
as highlighted in this review, deposited sediment 
can also be highly damaging to other aquatic biota. 
Supplementary literature dealing with post-construction 
monitoring guidance for water quality is also required 
as sediment input can continue post construction until 
exposed earth banks are revegetated (Purcell et al., 2012). 
Parameter
Bauer 
(1988)
Moorkens 
(1999)
Degerman et al. 
(2009)
European 
Communities pearl 
mussel regulations 
(S.I. 269/2009)
pH 7.5 6.3 to 8  ≥ 6.2
Total phosphorus (mg/l) < 0.03 < 0.06
<0.005-0.015 
(average)
Nitrate (mg/l) < 0.05 < 1.7 < 0.125
Conductivity (µS cm) < 70 < 200
BOD (mg L-1) 1.4 < 3
DO (mg L-1) > 9
Calcium (mg/l CaCO3) 2
Redox potential (m V) > 300
Temperature (°C) < 25
Turbidity (NTU)
< 1 spring flood 
average
Fine grain (< 1 mm) < 25 %
Inorganic aluminium (mg L-1) < 0.03
Juvenile salmonids per 100 m2 > 5
Siltation
No artificially elevated 
levels of silt & no 
plumes when the river 
bed is disturbed
Macroinvertebrates EQR ≥ 0.90 high status
Filamentous algae Trace or present < 5 %
Phytobenthos EQR ≥ 0.93 high status
Macrophytes Absent or trace < 5 %
Table 10.  Water quality guidelines for freshwater pearl mussel rivers.
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It is also clear from this review that river-crossing 
construction may, potentially, pose barriers to fish 
movement.  There is little evidence that bridges obstruct 
the passage of fish.  On the other hand, there is ample 
evidence in the literature to demonstrate how incorrect 
culvert construction can impede fish passage.  This review 
also highlights the variability of guidelines pertaining to 
facilitation of fish passage.  For example, the maximum 
allowable water velocity to enable safe fish passage through 
culverts is shown to vary considerably.  Some guidelines 
consider the requirements for both adult and juvenile fish 
passage; others consider adult fish passage only.  Most 
guidelines have focused on the passage of salmonid fish, 
while the passage requirements of other native fish are 
largely unknown.  In order to ensure that a culvert is passable 
to fish, it should be designed for the weakest-swimming 
fish in the river system, and a post-works assessment 
of the flow dynamics should be undertaken and 
modifications implemented, where shown to be wanting.
In conclusion, there is demonstrable evidence that, in 
the absence of careful environmental management, the 
construction of river crossings has the potential to generate 
elevated inputs of sediment that may impact adversely 
on aquatic environments, both in the short and long term. 
There is, however, a paucity of data regarding long-term 
effects.  Finally, there is a considerable body of literature 
detailing best practice with respect to the design and 
construction of watercourse crossings to ensure aquatic 
connectivity for native species.  However, the effectiveness 
of some measures has not been adequately assessed.  This 
literature review has identified current knowledge gaps 
relating to the potential impacts on aquatic systems from 
river crossing construction and the appropriateness of 
mitigation measures.  River crossings do not necessarily 
have to cause negative impacts and, with careful planning, 
habitats can be considerably improved.  Barton et al. (1972) 
reported that, during highway construction, measures 
such as the placement of rip-rap material produced 
benthic habitats as good as or better than those of unaltered 
areas.  For the practitioner and for regulatory bodies, the 
importance of recognising the potential to impact adversely 
on aquatic ecosystems during and after construction and 
of adopting the best available management practices 
to mitigate their effects is paramount.  It is our deep 
desire that this overview may help to instil this message.
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